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Abstract

Man
�

y application,suchascontinuum mechanicscodes,requirematerialpropertiesasinput. Splitting
materialroutinesinto a separatemodule,would allow different applicationsto shareandaccessproper-
ties
�

for a wide varietyof materials.Herewe presentan implementationof anequationof state(EOS)
package.� As anillustrationof its usewithin a hydro code,a high level interfacebetweentheEOSpack-
age� andthe Am� ri

� t� a� environmentis described.This allows a very versatile,userfriendly andefficient
methodologyfor settingup andrunninghydro simulations. In order for a materialspackage to be of
use	 to a broadcommunityrequiressomestandardizationof library functionsandprotocolsfor how the
materialroutinesinteractwith othercomponentsof a hydro code. To improve materialmodelingand
a� void duplicationof effort, theCFDcommunityshouldstrive to developestandardsthatwould facilitate
sharing
 of code.

1 Introduction

Contin
�

uummechanical simulationsneed to accountfor material properties. Here we focuson an equi-
li
�

brium equation of state (EOS) that entersinto theformulation of gasdynamicsand fluid dynamics. Since
there


is no single hydro code that is bestfor all applications, it is useful to have an EOSlibrary to give
dif
�

ferentcodesaccessto equationsof statefor a wide variety of materials. Theuseof anEOSlibrary has
three


important advantages.First, it avoidsduplication of effort among codes. In particular, theaddition of
a� new EOSbecomesavailable to all codesusingthelibrary. Second,it facilitates theability to runaspecific
appli� cation on differentcodes.Util izing thesame equation of state whencomparing differentcodesavoids
systematicerrorsthatwould result from theuseof differentmaterial properties. Third, it is compatible with
a� modular codestructure. Changesto theEOSlibrary donot interact with otheraspectsof ahydro code.

Thoug
�

h thepropertiesof agivenmaterialareunique,differentapplicationsusedifferentformsof equa-
ti


on of state (ideal gas,stif fenedgas,van der Waal, etc.) according to the region of phasespace (density
and� temperature)thatoccursin theapplication andtheneeded level of accuracy. Thus,for usein a hydro
code,� amaterialrequiresspecifyingboth theform of EOSandmaterialparametersfor thechosenform. An
EOSpackageneedsto containa library of routinesfor different formsof equationandstate,andadatabase
of� parametersfor a variety of materials. Sincedifferent forms of EOS utilize different parameters,anEOS
packa� geshouldalsosupply auxili ary routinesfor selecting andinitializing a material EOS.In addition, an
EOS
�

packageshouldprovideancillary routinesto facili tateinitializing thematerialstatefor agivenproblem.
It is importantto be cognizant of the fact that an equation of state hasa domain of validity. For a

specified material,thedomain is determined in part by accuracy. But moreimportantare thermodynamic
properties� requiredfor thestability of thesolution to theinitial valueproblemof thePDEsthat are thebasis
for
�

hydrodynamic simulations. WhenanEOSviolates thestability condition, eventhebesthydrodynamic�
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algorit� hm will have problems. In otherwords,a material equation of stateshould beregardedasinput to a
h
�
ydrocode,andbadinputwil l resultin badoutput.

Thedomain of an EOScanbedeterminedby checkingthermodynamic consistency andother thermo-
dynam
�

ic relations [8],
�

suchasthesoundspeedbeingrealandpositive, neededto guarantee that fluid flow
hasaphysically reasonablewavestructure. An EOSpackageshould provideroutines to determinethevalid
dom
�

ain of a particular equation of state.For reasonsof efficiency, it is best to run thethermodynamictests
as� apreprocessing stepseparate from any hydrocode.

The
�

ability to access anEOSdatabaseoutsidea hydro code is useful for purposesother thanchecking
thermod


ynamicproperties. It providesa convenient meansfor calibrating EOSparameters to data, and for
comparing� differentfitting forms for a particular material.Most of theavailable high pressuredatacomes
from shock wave experiments. Computing points on the Hugoniot locus and releaseisentrope are very
useful� in designing andanalyzingsuch experiments.It is highly desirable for anEOSpackageto providean
interface to adatabasethatallowsauserto conveniently determinesuch properties.

An
�

outline of the remaining sections follows. Section 2 describesthe structureof an EOS package
that


provides the capabilit ies discussed above. It is designedto be versatileby including high level rou-
ti


nes to allow new materials and new forms of equations of state to beaddedeasily. Section 3 describesa
graphical� interface. This allows easyaccessto theEOSdatabase,and thedeterminationof themost rele-
v� ant thermodynamicquantities for fluid flow. Section 4 describesthe implementation of theEOSpackage
in a one-dimensionalmulti-material hydro code.For this purposetheAm� rit


a� environmentof JamesQuirk

[11, 12]
�

is used.Amr i! t a� containsanextendable scripting language. Utili zingtheparser capabilit iesof Amr i! t a�
allo� wsfor asimpleuser-friendly setupof hydro simulations. Section 5 discussesextensionsto othermaterial
properties� within thesamegeneral framework employedby theEOSpackage.

The
�

specific EOS routinesand their use within a hydro codediscussed here is meantto show that
a� versatile, user-friendly EOS packageadvocatedherecan indeed be implemented. The source code is
a� vailable upon request. But the main intent of this article is to give the computational fluid dynamics
comm� unity ideasfor improving softwarerelated to materialproperties andthesetup of hydro simulations
pertaining� to the selection of materialsandthe initializationof hydrodynamic states. Relatedremarks are
presented� in thelast section.

2
"

Structure of EOS package

The
�

EOSpackage is split into threeparts: databases, an application interfaceandshared libraries. A
database
�

is a file containing the parametersthat definean equation of statefor specific materials. The
appli� cation interfaceis a collection of routinesthat need to be linked with an application using the EOS
packa� ge. It defines anEOSas a family of pointers to functionsthat return variousmaterial quantity, such
as� a function P(V,e)

#
that


returnsthepressure.Theshared librariesaredynamicallylinked andcontainthe
low level routinesthatactuallycomputethematerial quantitiesfor aspecific typeof EOS.

An
�

application obtains an EOSby passing the application interface a string of the form ‘type::name’,
where$ ‘ type’ specifiestheform of equationof stateand ‘name’specifiestheparticularsubstance. Theappli-
ca� tion interfacereadsthedatabases,fetchesan EOSof thedesired type,initializestheEOSwith parameters
from the database and loadsthe needed shared library. Applicationsutilize materialproperties indirectly
throu


gh thepointers to theEOSfunctionsprovided.
This structureis very versatile. An equation of state can bedefinedby an analytic form, implicitly as

the


solution to an auxiliary setof equationsor as a tablelookup. A new materialof an existing type can
be
%

addedsimply by includingthe materialparametersin a database.For a materialof a new type,first the
sharedlibrary correspondingto that typeof equation of stateis generated,andthenthematerial parameters
ar� e addedto a database. Thedatabase alsocontains the nameof thesharedlibrary corresponding to each
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typ


e of equation of state.Thenet resultis thatnew materials canbeaddedto thedatabase andusedby an
appli� cationwithout changingor evenrelinking theapplication.

Thisstructureis particularly advantageousfor dealingwith proprietaryor classifiedmaterialproperties.
Classified
�

datacanbeplaced in aseparatedatabasefileand thecorresponding routinesdefining theform of
the


equation of stateplacedin a separate shared library. Thus,there is a very a clearand clean mechanism
to


separationproprietary informationfromthegeneral functionsof theEOSpackagewhich arepublic.
Ne
&

xt, eachpartisdescribed in moredetail.

2.1 Database

A databaseis an ASCII file. It containsadatablockfor eachmaterial.Thedatablock hastheform given
in
!

thetable1 for
�

thematerial Hayes::HMX. Thedata block is simply a list of pairs of stringsof theform
parameter' = value. TheEOSpackageprovidesroutine that strip out commentsand transform each
data
�

block into a canonical form thatis easy for an EOSinitialization routine to process.Theinterpretation
of� the (parameter,value)pairs is left up to the initialization routine for thespecifictype of EOS. Thus, the
purpos� e of thedatabaseroutinesis to translatethe data file from a user-friendly form to a machine efficient
form. Thisgreatlysimplifieswriting initialization routine for eachEOStype.

The
�

EOSpackagealso providesacalculatorthat allows initialization routineseasilyto evaluateexpres-
sions. In theabove example, it is moreconvenient to specify theinitial density thenthe specific volume(V
= 1/1.9 ins

!
tead of V( = 0.526313).

)
It is alsomoremeaningful to specify theenergy with an algebraic

e* xpressionratherthanwith anumerical value(e0 = T*Cv instead of e0 = 0.45).
)

The
�

databaseprovides two additional services.First, it keeps track of units. The units arespecified
wit$ hin thedatabase. In thepreviousexample, thesystemof units hydro.std is definedby thethreedata
blo
%

cks listed in table2
+
. The EOSpackagealsoprovides routinesto facilitate changingbetweensystems

of� units. Changingunits by hand is very errorprone.But it is simply bookkeeping that is straight forward
to


automateon a computer. Theunitsexample il lustratesthat it is straightforwardto constructcomposites
from otherdata blocks. This featurecan beusedto goodaffect. For example, anEOSof a mixture can be
const� ructedfrom theequationsof stateof thecomponentstogether with amixturerule,such aspressureand
temp


eratureequili brium.

T
�
able1: Datablock for thematerial Hayes::HMX

Hayes=HMX; units=hydro.std
{

/* parameters fit to Olinger’s hydrostatic data */
V0 = 1/1.9 # g/cm^3
P0
#

= 1.0e-4 # GPa
T0 = 300 # degrees K
K0
,

= 13.5 # GPa
N = 9.3
Cv = 1.5e-3 # (MJ/kg)/K
Gamma0 = 1.1
e0 = T0*Cv
#c0=2.6778 s = 2.68946

}
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Table2: Datablocksfor theunitshydro.std

Units=hydro.
-

std
{

Values = hydro.std:values
Names
.

= hydro.std:names
}
Values=hydro
(

.std:values
{
# Fundamental

L = 1 # length
t
/

= 1 # time
m = 1 # mass
T = 1 # temperature
:use = hydro.derived:values

}
Names=hydro.std:names
{

length = mm
time
/

= micro‘s
mass = mg
temperature
/

= K
#
force = kN
energy = J
#
velocity0 = km/s # km/s = mm/micro‘s
density = g/cm^3 # g/cm^3 = 10^3 kg/m^3
specific_volume = cm^3/g
specific_energy = MJ/kg
pressure' = GPa # GPa = 10 kb
specific_heat = MJ/kg/K
:use = hydro.derived:names

}

Table 3: Data block for the material Hayes::HMX1 illustrating the use
of the database construct :use.

Hayes=HMX; units=hydro.std
{

:use=HMX
/* parameters fit to Yoo-Cynn’s hydrostatic data */
K0 = 12.4 # GPa

}

4



Thesecondpoint is theconstruct:use = hydro.derived:names. This allows the userto easily
mo� dify an existing EOS.For example, a secondEOSfor HMX with a differentvalueof thebulk modulus
than


thatusedby theEOSHayes::HMX ca� n bespecifiedwith thedatablock in table3. This is particularly
useful� for studiesof thesensitivity of anexperimentto uncertaintiesin EOSparameters.

2.2
1

Application interface

The
�

implementationof theEOSpackageis basedon anobjectoriented approach. It is written in C++.
Thehydrocodedescribedin thenext section predatestheEOSpackageand is writtenin FORTRAN. There
is
!

nodifficulty in mixing languages.
Theinterfacefor an EOSis definedasanabstractbaseclass.By util izing only thevirtual functionsin

the


baseclass,anapplication cantreatall typesof equationsof statein thesame manner. Specific forms of
equation* s of stateare derived classes.A derived classcontainsthe parametersfor a specific material and
im
!

plementsthevirtual functions.
Only
2

two virtual functionsarerequired;an initialization routine anda pressurefunction. Generic rou-
ti


nesareprovided for otherquantities.For example,thegeneric routine for soundspeedperformsanumeri-
ca� l differentiation,while thegeneric routinefor anisentropeinvokesan ODEsolver, andthegeneric routine
for
�

a shock wave solves the Hugoniot equation. The intent is that the derived classoverlaysthe generic
functions with more efficient andaccurateroutinesthattake into account theparticular form of equation of
state that it implements. Thegeneric routines serve two purposes.First, very li ttle codeneedsto bewritten
in orderto try out a new form of EOS. If thenew form workssatisfactorily, theremaining routinescanbe
added.� On theotherhand, if thenew form is not satisfactory then the timespendto test it out is minimal.
Thesecondpurposeof thegeneric routinesis in validatinga new EOS.They maybeinefficientbut they do
pro� vide reasonablyaccuratevaluesfor quantitativecomparisons.

Isentropes,Hugoniots and isothermsare important famili es of curves that arise in hydrodynamics.
Through
�

any given point thereis a unique curve of each type. It is natural to implementthese loci as
classes.� TheEOSfunctionsfor thesequantitiestakeastateasanargumentandreturn apointer to aclass for
the


corresponding quantity appropriately initialized for thelocusthroughthespecifiedstate.Theisentrope,
Hugoniot andisotherm classeshave a generic interfaceproviding functions that determinethe stateon the
locus
�

at specified values of pressureor specificvolume or otherhydrodynamic quantities relevant to the
loci. For example, a point on theHugoniot locusalsocanbe specified in terms of theparticle velocity or
shock velocity. Theloci classesgive theflexibili ty to overlaygeneric routineswith moreefficientspecialize
routinefor particular typesof equationsof state.

F
3

or this setupto beeffective, it is necessary that theequation of state classis reference counted. This
allo� ws theloci classesto storea pointer to theEOSandavoid copying theEOSparameters. In thecaseof
a� tabular EOS, a large amount of storage may be used.Reference counting alsoallows the EOSpackage
to


catch a commonprograming error, deleting an EOSwhile otherclassesstill useit. It is particularlytime
consum� ing to track down allocation errorssincethecodetypically crashesatapoint remotefrom thecause
of� theproblem.

A
�

function of importanceto hydrodynamics is a Riemann solver. The isentropeandHugoniot classes
grea� tly facilitatedthe writing of the generic Riemann solver provided by the EOSpackage. It is natural
for
�

the solution algorithm to iterateon pressureor particle velocity. On the other hand, the isentrope is
defi
�

ned by anODE in which thenaturalindependentvariableis thespecific volume. Theclassesprovide
an� interface that allows themostconvenient variable to beused. In addition, theODE solver, usedby the
gener� ic isentropeclass,cachespointsasit performstheintegral. Thisavoidsrepeated integrationof thesame
porti� on of the isentropeduring the iteration algorithm andgreatlyimprovestheefficiency of the Riemann
solver.

In summary, theapplication interfacehasthreepurposes. First is to provide a commoninterface for all

5
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typ


esof equationsof state. Secondis to relieveusers theburden of low level considerationssuchasstorage
allocatio� n andefficiency. Third is to avoid duplication of effort by providing general routines,such asthose
in the loci classes andthe Riemann solver, so that different usersdon’t repeatedlywrite similar routines.
Other
2

general purposeroutinescanbebuild, asneeded,upontheroutinescurrently in theEOSpackage. For
e* xample, thetwo-dimensionalanalogof theHugoniot locusandtheRiemannproblemareshockpolarsand
w$ avepatterns. Thiscapability would beusefulfor someapplications. In addition, theRiemannsolver in the
EOSpackageis limited to convex equationsof state.Generalizingto thenon-convex caseis possible [9

5
]
�

and
w$ ould bevery useful for analyzing shock inducedphasetransitions. Adding such routines to the package
w$ ould make themavailable to all users.Thus,theEOSpackageshould not be thought of ascompletebut
ra therasanongoingwork thatserves theneedsof thosewhochose to useit.

2.3 Shared libraries

Pr
6

esently the EOS package includes five types of equationsof state. Ordered by level of complexity
these


are:

1. Theideal gas EOSis definedby theformula
798;:=<?>A@CBD8FEHGJIK@L>AMN:

(1)O 8;:=<?>A@CBD>PMNQSR
(2)

where$ E
is
!

theadiabatic index and
Q R

is
!

thespecific heat at constantvolume.Simpleanalytic formulas
ar� eavailablefor theisentrope,Hugoniotandisotherm loci. Theimplementationof thiscaseill ustrates
the


useof overlayinggenericfunctionswith efficient andaccurateroutinesthat takesadvantageof the
particular� form of EOS.

Evenin this simplestof casesananalytic solution to theRiemannproblemdoesnot exist. A Riemann
solver specializedfor an idealgasis about3 timesfaster thanthegenericonefor a typical problem.
The generic solver is slower when the solution requiresa longerintegrationalong the isentrope. It
w$ ould beconsiderablyslower if thegeneric Hugoniot andisentropeclasseswereusedinstead of the
specializedonesfor an ideal gas.

2.
+

The
�

stiffenedT gas EOS
�

is defined by theformula
7U8;:=<V>P@SBD8FEHGJIN@;8L>WGJ> � @;MN:XGJ7 � (3)O 8;:=<V>P@SBD8L>WGJ7 � :XGJ> � @LMKQSR (4)

This
�

is a variation on the ideal gas that allows an extra parameter to set the initial sound speed,Y[Z\ BXE=8L7 \^] 7 � @;: \ . Physically, it correspondsto translating theisentropein the
8L:=<V79@

–planeup in
pressure� by anamount

7 � . Theisentropeis frequentlyreferedto as theTait EOS.

3. TheHayes EOS[4]
�

is definedby the freeenergy

_U8;:=< O @CBD> \ ] 7 \ 8;: \ G`:a@bGdc \ O
] QSRN8 O G O \ @ I ]fe \: \ 8L: \ GJ:g@ GJQSR Oih j 8 O M O \ @

] k \ : \lm8;lnGJIN@ 8;: \ MK:g@porqtsuGJ8;lnGJIN@;8LIvG`:WMN: \ @tG`I <
(5)

where$ : \
,
7 \

,
O \

,
> \

and� c \
denote
�

the specific volume,pressure,temperature,specific energy and
entrop* y atareferencestate,

Q R
is
!

thespecific heat at constantvolume, e \ cha� racterizestheGrüneisen

6
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coe� fficient, e MK:nB e \ MN: \ , andtheparameters k \ and� l
cha� racterize theisothermal bulk modulus,

kUx B k \ 8zy{M|y \ @ o . In this casethereareanalytic formula for theisentropesandisothermsbut not for
the


Hugoniot locus.Consequently, thegeneric Hugoniot classis used for thiscase.

W
}

ith appropriate parameters,theHayes EOSis very similar to a Mie-GrüneisenEOStogetherwith
a� linear relation, ~�� B Y \ ]�� ~{� for

�
the principal Hugoniot. The Mie-GrüneisenEOSis frequently

used� to model metals,andtheparametersY \ and� �
havebeen measuredfor many materials [5

4
].
�

There
ar� e simple relations betweenthe values of Y \ and� �

and� the parametersk \ and� l
. Becauseof its

usefulness,� theinitializationroutinewaswritten to accepteitherthepair k \ and� l
, or Y \ and� �

. This
e* xample il lustratestheadvantageof allowing eachtypeof EOSto havecontrol over its initialization.

4. The v� on Mises Elastic-Plastic EOSis a simple generalization of a hydrostatic EOSfor thecase of
uni� axial strain.Thestressis definedin termsof ahydrostatic EOS,

7 � 8;:=<?>A@ by
%

798L:�<?>P@SB�7 � 8;:=<V>P@ ]�����U� < (6)

where$ �
is theshearmodulus, theelastic strain is givenby

� BD�����C� h �N� �K�� <��Z��W� and� � is theyield

strength.

Theelastic-plastic transition displayedin theHugoniot is similar to that arising from a phasetransi-
ti


on. Moreover, this EOSillustrate how a composite EOScanbeconstructedfrom a pre-existing one
motivatedby anenhancementof theunderlying physical model.

5.
4

The
�

equilibrium� porous EOS
�

is a semi-analytic thermodynamic consistent completeEOS[7
�
].
�

The
pressure� is defined in termsof apurephaseEOS,

7 � 8L:�<?>P@ by
%

798L:=<V>P@SB��{7 � 8;�{:=<V>WG`�g8;�{@L@ < (7)

where$ thevolumefraction
�

is determinedimplicitly by theequation

798L:=<V>P@;:¡B��£¢ �
¢ � (8)

and� thecompactionenergy
�g8;�{@

.

The
�

compactionlaw,
�g8L�{@

and� ¤L¥¤�¦ , is encapsulatedin a class. This allows the same databasemech-
anism� asusedby theEOS class� and theUnits

§
class� to be usedto fetch andinitialize thecompaction

la
�

w neededby theequilibrium� porous EOS.
�

These
�

EOStypesillustratethattheframework of theEOSpackageis quitegeneral andallowsfor awide
v� ariety of forms of equations of state.Thepackageis very modular. Theaddition of a new shared library
w$ ould not affect any existing codewithin thepackage.Sincethedatabaseroutines are designed to accept
multipledatafiles,existing datafilesdonothaveto bemodified. Oncetheshared object andthedatafile are
writt$ en, theuseof a new material by an application requires only theinput of thename of thenew material
and� thenameof thedatafile thatspecifiesitsparameters.

7
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3
¨

Graphical Interface

T
�

o test the EOSpackageseveral driver routineswerewritten. Thesearehigh level programs which
tak


e command line inputandthenexerciseroutines within the package.Thoughsomewhat clumsy to use
beca
%

use of the inflexible nature of the commandline arguments, the functionsthey perform are generally
useful.� Theseincludeprogramsto fetchdatafromthedatabase,to computepointsontheloci of anisentrope,
Hugon
©

iot or isotherm,and to solve for the impedancematchof a shockwave propagating throughthe
interfacebetween any pair of materials.

T
�

o makeit moreconvenient to usetheseprograms,agraphicalinterface is includedin theEOSpackage.
The interfaceis written in perl/Tk. (A more portableversion would be written in Java andrun on a web
bro
%

wser. Theinterface has been partly convertedby a summerstudent,Peter Keeler.) Theinterfaceallows
the


userto enter datain a convenient form, callstheEOSprograms to do thecalculationsandthendisplays
the


results in a readableform. Figure1 shows theuserwindow that thegraphicalinterfacegenerates.The
int
!

erfacedisplaysunitsalongwith numerical valuesfor hydrodynamic quantities. In addition, it canproduce
listsof pointsor plot pairsof variablesalongan isentropeor Hugoniot locus. It alsocan generatethegraphic
solution to animpedancematch problem. An example is shown in figure2

+
.

Figure2: Graphicalsolution to impedance matchproblemgeneratedusing the graphicalinterface to the
EOS
�

package.In thiscase,thesolution hastwo outgoing shockwaves.

4 Utilizing EOS package within Hydro code

Uti
ª

lizing theEOSpackagein ahydrosimulations isdescribed next. TheAmri
! t a� environment developed

by
%

JamesQuirk [11]
�

is used becausetheflexibility of its structureiswell suitedfor thetask. Thepurpose is
to


show thatit is straightforwardto implementa codewith the material propertiesandthe hydro algorithm
in separatemodules,andto demonstrateaconciseuser-friendly setup procedurefor hydroproblems.

8



Figure
3

1: Graphicalinterface to EOSpackage.
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4.1 Amrit
«
a

Amr it a� is anenvironmentthatgreatlyfacilitatessettingup, runningand documenting theresultsof hydro
simulations. It is composed of several parts; scripting language, adaptive meshrefinementcomputational
engine,* documentation facility, andan extensive library of usefulprocedures andtools. It is designed to be
an� extendible system. This is an importantfeaturethat we use to take full advantageof thecapabilit iesof
the


EOSpackage.
A
�

brief overview of Amri
! t a� isneededto understandhow wewill useit. Wecall thescripting component

of� Am� r it a� thefront end.Uponstartup,the front endinitiatesaseparateprocess,whichwecall theback end,
along� with a two way communication channelcalled theISL pipe. A computational engineis thenplugged
in by dynamically linking a shared object to theback end. Theessential idea is that thefront endschedules
w$ ork for thecomputationalengineon theback end to carry out.

An amritascript is processedby an interpreter. This allows tasks, suchas setting up and running a
simulation, to be specified in a conciseuser-friendly manner. The computer time expendedprocessing a
script is negligible comparedto thecomputational effort running a hydro simulation. Scriptsalsoprovide a
means� of automatinganddocumentingthestepstaken toanalyzeanapplication, fromsettingupacalculation
to


postprocessing theresults. This is particularlyconvenientwhentheneedarisesto changeaparameterand
re runasimulation.

Thefirst step of theinterpreteris to readandparsealine, translatingthehighlevel script commandsinto
lo
�

w level instructionsof an intermediatescripting language(ISL). After sendingthe instructionsdown the
ISL pipe, theinterpreterthenwaitsfor thecomputational engineto sendback areply. Uponreceiving areply
that


thecommandhasbeencompleted, the interpreterprocedesto processthe next line of thescript. This
descripti
�

on of theaction of the interpreteris oversimplified. Like processorsof otherscripting languages,
the


amrita interpreter also hasthe capability to setanduse tokens,to perform loops, to call other amrita
scriptsasprocedures,andto execute shellcommandsor systemcalls. Moreover, the amrita interpretercan
uti� lize script fragmentsin other languagessuch asperl.

Theback endcanbethoughtof asevent driven.In contrastto awindow system,theeventsaregenerated
by
%

theparserat the front endratherthanmouseclicks or keystrokes. By splitting thestepscarried out by
the


computationalengineintosmall tasks,each correspondingto an ISL instruction, onegainstheability to
program� thecomputational engine for a specific application ratherthan having a hardwiredprogram.That
is to say, onedoesn’t have to add problemdependentcodeandrecompile thecomputationalenginein order
to


addaspecializedfeatureneededto runaparticularproblem.
W
}

e useamr_sol, alsowritten by JamesQuirk [12],
�

for the computational engine. It provides the in-
fra
�

structureneeded for anadaptive-mesh-refinementhydro code. To amr_solwe plug in a solver or patch
integrator. The solver determinesboth the equation setandthe hydro algorithm. Its function is to update
the


solution vectoron a simple rectangular grid by onetime step. Amr_sol takescareof the IO, boundary
condit� ions, memoryallocation and bookkeeping associatedwith refining thegrid, filli ng in ghost cells for
ea* ch grid patch,andsubcycling over thefinely zonedgrid patches. We notethatthedata structures needed
to


split a grid into patches for meshrefinement arealso well suited for parallelizing a hydro simulation.
Amr_sol is designed to take advantageof this andcan be run on either a single processoror a clusterof
w$ ork stations.

In addition to plugging in a computational engineand a solver, anEOSplugin was written to interface
the


parserat thefront endandthesolver at theback endwith theEOSpackage. As discussedin theprevious
section,theEOSpackagedynamically linkslibrarieswith thespecializeEOStypesthat it needs.Theuseof
a� hierarchical sequenceof pluginsor dynamicallylinked libraries is a very powerful techniquethat allows
for great flexibil ity in expandingcapabilitiesof acodeasneedsarise.

Alt
�

houghamr_solcan accommodatetwo-dimensionalgrids,for thepurposeof demonstratingtheuseof
the


EOSpackagein amulti-componenthydrocode,we restrict ourattention to one-dimensional solvers for

10



the


Euler equationsin Lagrangiancoordinates

¬
¬N

®:
~¯

] ¬
¬±°

²G ~7�³7 ³ ~
Bµ´² <

(9)

where$ ® is a materialindex,
:

is specific volume, ~ is particlevelocity,
¯¶Bµ> ] sZ ~ Z is the total specific

ener* gy,
7 ³ 8;:=<V>P@

is
!

the pressurefor the ®b·¹¸ material� and ¢ ° B�y ¢?º is
!

the masscoordinate.A Lagrangian
algorit� hmnaturallytrackscontactsandavoidsthecomplicationwith an Eulerianalgorithmthatresultsfrom
mi� xed cells. This isdonefor simplicity andis nota fundamentallimitation.

Thesolver or patchintegratoris asmall amountof logicallysimplecodecomparedto theadaptive-mesh-
re finementinfrastructureprovidedby amr_sol. Four solvers werewritten; viscoussolver, Roe solver [13]

�
as� formulatedby Glaister [2, 3]

�
for general EOS,Lax-Friedrichssolver and Marquinasolver [1].

�
These are

basically
%

variationson a theme anddiffer principally in theform of numerical dissipation neededfor shock
ca� pturing. Thesolversinteractwith theEOSpackagethroughtheuseof bindingfunctions. This indirection
is
!

neededto allow theFORTRAN functionsof thesolver to accesstheC++ classesof theEOSpackage.
W
}

e notethat the Roescheme uses an averagestateof adjacentcells. This is suitable for the interior
of� a region but not at the interface betweentwo components with very different materialproperties. At an
interface the Roescheme is replaced with a Riemann solver. Whenthe differencein the valuesof ~ and�7

ac� rosstheinterfaceare small, a linearizedRiemann solver is used. Otherwise,theexactRiemannsolver
pro� videdby theEOSpackage is used.Sincetheexact Riemann solver is applied for a very small fraction
of� cells in thegrid, theextra expensehasa very smalleffect on theoverall efficiency of thesolver. Having
routines, such asa Riemann solver, available in theEOSpackage, allows special cases to behandled in a
ra tionalandrobust manner, andalleviates theneed for adhocfixes.

4.2
»

EOS plugin

A
�

plugin requirestwo partsworking in concert. Whena plugin is started,it registers a setof keywords
wit$ h the front end and a set of ISL tagswith the back end. The amrita interpreter, upon recognizing a
k
¼
eyword, calls theprocedure that the plugin registered. Theprocedurefor theplugin parsestheremainder

of� thescriptline, andsendsinstructionsfor thedesiredtask throughtheISL pipeto thebackend.Similarly,
the


back enduponrecognizing anISL tagcalls thesubroutine that theplugin registered. Both endsof the
plu� gin have the ability to read from andwrite to theISL pipe. This enablesdatato betransferredbetween
the


interpreterandthe plugin. Moreover, theintermediatescripting languageis not etchedin silicon,but is
programm� able. In effect, the ISL is determinedby thetagsandwhatever tasksthepluginsare designedto
perf� orm.

The most important part of developing a plugin is to select keywords that aresufficiently flexible to
allo� w theuser to specify any reasonabletask,yet clearand concise for theidiomsor patternsof work most
frequently used. The keywords for EOSplugin are listed in table4. The term handle is just a variable
name½ andis a convenient meansof referring to an EOSdatastructure. It can be passedon to other EOS
keywordsto obtaininformation aboutanEOSstate or specify theinputfor a function,such ascomputing a
poi� nt onaHugoniot locusor solving aRiemannproblem.
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Table4: EOSplugin keywordcommands

getmaterial¾ typ


e::name -> handle
getstate¾ on� [dir] locus(handle) at var= num -> handle

wher$ e dir = left | right
locus= hugoniot| isentrope| isotherm

v� ar= P | V | u | us
getstate¾ handleatVe | PT expr_list -> handle

wher$ eexpr_list hasform: var= expr; . . .
solvT e R

¿
iemannProblem (left_state,right_state) -> riemann:handle

eosinf� o index <type> -> token_name
<type>À = materials | units| type

eosinf� o typ


e<type> -> token_name
<type>À = *: :<name>| <eos_type>

eosinf� o uni� ts<name>(variable_list) -> namespace::|prefix
eosinf� o con� vert <to_from> (var_list) -> namespace::|prefix

<to_from>À = to <units> | from<units> | <units1> to <units2>
eosinf� o material� <name> -> token_name
eosinf� o state::<handle> (var_list) -> namespace::|prefix
eosinf� o rp::<handl e>:<hash>(var_list) -> namespace::|prefix

<haÀ sh> = left_state| right_state | left_wave | right_wave | units
eosinf� o [state]<handle> statement_list -> namespace::|prefix
locus { # multi-linekeyword

print� {var[(format)], var[(format)], ...}
on� [dir] locus(handle)
for
�

var {in it; logic_expr; increment}
}

As
�

an ill ustrationof theuseof keywordsin proscribinga hydro problem,theAm� ri
! t a� scriptcommands

needed to setuptheimpedancematchtestproblemcorrespondingto figure2 ar� e

def SolutionField
getstate on right hugoniot(EqPorous::estane) at P=3.1 -> W’left
getmaterial Hayes::HMX -> W’right
setfield W’left X[] < $Nc
setfield W’right X[] >= $Nc

end def

This sets the left andright materials to beEqPorous::estane and� Hayes::HMX, respectively. Fur-
thermore,


thestateW’leftÁ is
!

setto thepoint on theprincipalshockHugoniot with a pressure of 3.1,and
W’right is setto thereferencestatedefined in thedatabase, whichtypically correspondsto

7DBDI
bar
%

andO BDÂ ²K²
K.
Ã

TheSolutionField blo
%

ck is aninterlock to facilitateerror handling by ensuringportionsof
the


setupare perfomed in thecorrectorder. In this example, setfield W’left X[] < $Nc, would
not½ makesenseunlessthegrid hadbeen definedpreviously.
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The ability to seta stateon a Hugoniot is very useful. In many materialproperty experiments, high
pressures� areobtainedfrom eitheragasgunprojectileor an explosiveplanewavelens.Frequently, thedrive
system is not of interest andcanbe replaced by the leadshock that it generates.In the case of a gasgun
e* xperiment,thevelocity of theprojectile is measured,andthe leadshock wave in the target is determined
by
%

aRiemannproblem. Theshock statein thetargetcanbesetwith thescriptcommands

getstate Hayes::Kel-F at Ve{ u = $u_projectile } -> projectile
getmaterial Hayes::Quartz.x-cut -> target
solve RiemannProblem(projectile,target) -> drive
set target_state #= &eos::hydro_state("rp:drive::right_wave")
W’target
Á

::= <$target_state>

Deter
Ä

mining thestatewithin a scriptsetting up a simulation avoids theneed for a side calculation andthe
er* ror pronestep of transcribingdatato theinputfileof thehydrocode.

The
�

effort of writingtheEOSplugin iscomparable,in termsof number of linesof code,to that of writing
the


graphicalinterfacefor theEOSpackage.Wenotethatfigure2 obt� ained with thegraphicalinterfacecan
also� begenerated with thescript commands

getmaterial EqPorous::estane -> estane
getstate on right hugoniot(estane) at P=3.1 -> incident
getmaterial Hayes::HMX -> hmx
solve RiemannProblem(incident,hmx) -> RP
PlotRiemannS
#

olution {
handle = RP1
incident = estane
extend = true
u_maxÅ = 1.0

}

The
�

commandPlotRiemannSol
#

ution is
!

an amritaprocedure. It usesthe keyword locus to


obtain
the


dataneededfor theplot. Anotherlibrary procedureProfileRiemannSolution plo� ts theprofile of
a� specified variableat a specifiedtime. This procedureis usedin thenext section to provide a comparison
for testproblemsof ahydrocode.

F
3

or the casual user, thegraphical interfaceis easierto learn andmore convenient thenwriting a script.
However, thescripting languageis moreversatile andpowerful. Theabove codefragments andprocedures
gi� vean indication of theutility andflexibili ty thatthekeywordsprovide. Moreover, scriptsgreatly facilitate
docum
�

entation andautomation. Scriptsarewell suitedto running aseriesof calculations,suchastestingthe
thermod


ynamicconsistency of all materials in a database,or comparing differentfitting forms for thesame
material.

4.3 Numerical examples

As a testof theimplementationof theEOSpackage in ahydrocode,weuseaRiemannproblem.In the
ca� se with idealgasequationsof state this testis known asSod’s problem [14].

�
Thoughthere is no analytic

solution, the theoryof hyperbolic PDEswith scaleinvariantinitial dataallows any Riemannproblemwith
gener� al equationsof stateto besolvedarbitrarily accurately. This effectively providesan“exact” solution
to


comparewith theresults fromahydro code. Theuseof materialswith disparateproperties,largeratio of
densi
�

tiesandsoundspeeds,providesamorestringenttest for hydroalgorithmsthantheSodproblem.
W
}

econsider impedancematchproblems. Themomenttheincident shock impactsthematerialinterface
corr� espondsto theinitial conditionsfor aRiemann problem. Thefirst testproblem hasasolution, shown in
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figure2, consistingof two outgoingshockwaves.Thenumericalprofilesof variousquantitiesarecompared
wit$ h theexactsolution in figure3. Asidefrom smearingoutan idealdiscontinuousshock front, asexpected
for ashockcapturingalgorithm,thenumerical solution is quiteaccurate.

W
}

ithout meshrefinement adapted to follow the shockfronts, the solution is shown in figure 4
Æ
. Two

poi� nts are noteworthy. First, without meshrefinement, the shock fronts arequite smeared out. Second,
there


is a significantovershootin theenergy at thecontact. Thesmearing of theshockfrontsis related to a
property� of theequationsof state,namely, alargesoundspeedrelativeto theshock speed.For both theweak
re flected shockandthestrongtransmittedshock, theincreasein characteristic velocity acrosstheshock front
is small. Hence,theconvergenceof thecharacteristic, which leadsto a shock, is not asstronganeffectas
wit$ h ideal gases.Theenergy anomaly at thecontact issimilar to the‘excesswall heating’thatoccurs in the
Noh
&

problem [10].
�

It results from an entropy error duringthetransient when the reflected shock forms[6
w
].
�

In
Ç

contrast to anEulerianalgorithm, thereis no advectionin an Lagrangianalgorithmto smear theentropy
er* ror overmany cells. By coarseningthelocalmesh behindtheshock front, adaptivemesh refinementhasa
dif
�

fusiveeffect behindtheshockfront.
As a secondexample, we usea testproblemin which the reflectedwave is a strongrarefaction. The

w$ ave curves for the graphicalsolution are shown in figure5
4
. A comparisonof thenumerical profileswith

the


exact solution and the effect of usingadaptive meshrefinement is shown in figures6
w

and� 7
�
. With

adapti� ve meshrefinement,the leading and trailing edgeof therarefaction, which representkinks or points
wit$ h discontinuousfirst derivative, aremuch betterresolved. Both casesshow an energy anomalyat the
contact.� It is due to the formation of a centered rarefaction. Therarefactioncannot beresolveduntil it is
spreadout over severalcells. Thelack of resolution causesanentropy error. For stiff materials,theentropy
er* ror causesamuchlarger anomaly in theenergy thanin thedensity.

The
�

useof scriptsand an EOS databasegreatly facilitatesthe automation of test problems. This is
importantbecausenon-lineareffectsonnumerical algorithmfor systemsof equationsarebeyondthecurrent
techniqu


es for mathematicalanalysis. Consequently, a largenumberof testproblemsare needed to assess
the


strengths andweaknessesof the availablealgorithms. The ability to plugin a solver allows different
algorit� hmseasily and systematically to be compared. Moreover, with all other factorsbeing identical, the
ef* fectsof thealgorithmareisolated clearly.

5
È

Extensions to other Material Properties

T
�

wo classesof problems, reactive flow andelastic-plasticflow, are naturalgeneralizations of theEuler
equation* s. Both requireadditional materialproperties.Again it would be advantageousfor a codeto ob-
tain


the neededpropertiesfrom a database. We briefly outline how material propertiesin general can be
incorporatedinto adatabaseusing thesame framework asemployedherefor equationsof state.

Thoug
�

h thephysical description of reactive flow andelastic-plastic flow are different, themathematical
structure is the same. For simplicity we consider elastic-plastic flow for the caseof uniaxial strain, and
re active flow for thecasein which all speciesarein pressureandtemperatureequilibium. Both casesare
then


extensions to theEulerequationsobtainedby adding internaldegreesof freedom with corresponding
go� verningequations,which have theform of rateequations,

¬
¬±

®:
~¯
´É

] ¬
¬±°

²G ~7 ³7 ³ ~´²
B

²²²Ê
´Ë

<
(10)

where$ ´Ë
and� Ê

ar� e sourceterms. Therateequationsarein characteristic form. Although they increasethe
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Figure3: Comparisonof numericalprofiles andexact solution for Riemannproblemwith two outgoing
shocks. Simulationusesmeshrefinement.
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de
�

generacy of the mode with characteric velocity 0, the systemof the PDEsremains hyperbolic with one
pair� of acoustic modes. Theadditionaldegreesof freedom

´É
ar� e coupledto thefluid flow by meansof the

pressure� 7 ³ 8L:�<?>P< ´Ér@
in
!

theflux function, andperhapsasourceterm
Ê 8L:=<V>P< ´É×@

in
!

theenergy equation.
For reactive flow, the internal degrees of freedom are typically the mass fractions of the reactantsand´Ë

re presentsthechemical reaction rates.Modelsfor non-equilibrium effects in gasdynamics, suchasdis-
sociation, ionization andvibrational or rotational excitations, can be viewed as a special caseof reactive
flo
Ø

w.
For elastic-plastic flow,

7 ³
corr� espondsto thelongitudinalcomponentof stressÙ±ÚVÚ . Theinternal vari-

ables� aretypically identified with plastic strain,work hardening parameter, back stress,etcÛ . Thesourceterm
for theplastic strainis known astheplastic-strainrate,andtypically vanisheswhen theshearstress is below
the


yield surface.This issimilar to chemical reaction ratesdecreasingrapidly with temperatureandfreezing
in non-equilibiumspecies, suchasoccurs in theexhaustnozzleof a jet engine.

The
�

materialpropertiesfor this classof modelsarespecifiedby avectorof functions(
7 ³

,
Ê

,
´Ë
).
)

As with
the


compositeequationsof statein section2.3, vonMisesElastic-Plastic EOSandequilibriumporousEOS,
these


functionscanbeconsideredto bevirutal functionsof a materials property class.Again thestructure
used� for the EOSpackage,consisting of a database file for parameters andshared libraries to implement
specificfunctions,would allow differentapplicationsto utilize a commonset of modelsfor a wide variety
of� materials.

Furthermore, different physics modelscaneasily be combinedwithin the same continuummechanics
code.� Supposeanapplicationconsistsof anexplosive(reactivematerial)driving ametalplate(elastic-plastic
material)throughagas(hydrostatic material).A simulationcodewould haveto allocateenoughcomponents
in
!

its solution vector for themaximum numberof internal degreesof freedomof any material beingused.
Thenby usingthevirtual functionsin thematerialclassto evaluatethesourceterms, thecomponentsof the
solution vectorfor each cell would be updatedwith the appropriatematerial model. In addition, different
solvers canbe usedfor eachregion provided that the flux at the interface between regions is consistent.
F
3

or example, specializedsolvers couldbeusedin regionswith stif f sourceterms. With this framework, the
o� verall efficiency of asimulation could beimprovedwith ahybrid algorithmthatselectsasolver well suited
to


thephysicswithin eachregion.
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Figure6: Comparisonof numerical profilesandexact solution for Riemannproblemwith outgoing rarefac-
ti


onwaveandshock wave. Simulationusesmeshrefinement.
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6
Ü

Final Remarks

The
�

utili ty andeffectivenessof software,such asan EOSpackage, dependson the detailsof the im-
plem� entation aswell as the overall structure. Yet detailsin an article suchas this is necessarily limited
by
%

constraintson the length andthefact thatonly very few specialist have the inclination or motivation to
analyze� an implementation of another researcher. Reimplementation of the concepts and ideas results in
consi� derableduplication of effort andslowsdown progresstowardsimproving thesoftware.

Software is especially important to thecomputationalfluid dynamics (CFD) community. A largenum-
ber
%

of algorithms have been proposed.Yet for compressible flow, the strongnon-linearities have limited
analysis� mostly to a scalarPDEin one-dimension. Algorithms for systems of PDEsare typically basedon
a� heuristic derivation motivated by the scalarcase. Moreover, characteristic analysis, that is sucha pow-
er* ful technique in one-dimension, is rather limited in higherdimensions. Typically, algorithmsin two and
three


dimensionsare basedon operatorsplitting. Consequently, algorithmic developmentrelies heavily on
num½ erical experiments.

Yet, theCFD community hasnot agreed uponastandard setof testproblems.Agreement ishindered by
the


timeandeffort required to setup numericalproblems.Morover, thetime andeffort to codeup different
algorit� hms,alongwith their many variations,haspreventeda systematiccomparisonsbetween algorithms.
Thi
�

s hasgreatly slowed down progressin thefield. Oneexampleis theongoing controversity, after thirty
yearÝ s of experimentsandsimulations,about the‘ transition criterion’ for regularandMachreflections.An-
oth� er exampleis thatof the four solverstried with theEOSpackagepresentedhere, onewas significantly
w$ orsethantheothers. Is thisbecausetheschemewasdevelopedandtestedon an Euleriangrid andnotsuited
to


a Lagrangiangrid, or thatsomepartof the statementof thealgorithmis ambiguousandhas beenmisin-
terpre


ted, or that the algorithm is codedincorrectly? Having a mechanismto exchangesourcecode would
grea� tly faciliatetheability to track down discrepanciesbetweenclaimsfor analgorithmin theliteratureand
the


experienceof anindividual researcheronaparticular application.
The
�

CFD has reacheda level of maturity where it is not practical for every research groupto produce
all� its own software from scratch.In analogy with standardmathematical libraries for special functionsand
li
�

near algebra,theCFD community needsa meansto sharethecomponentsof a hydro algorithm andhave
them


available at the level of sourcecode. Sharingcode will require standards for arguments to functions
and� protocolsfor how the componentsinteract. This is quiet analogous to protocols like TCP/IP which
allo� wedlocal networksto expandinto theworld wideweband languagestandards like html which enabled
web$ browsers to becomeavailable to all PCusers.

W
}

e note that thesolversandscriptsdiscussed herecanbecombinedin a tar file of about100Kbytes,
and� theneasily sentby e-mail or made available over the WEB.1 W

}
ith this file, andwith Am� ri

! t a� andthe
EOSpackage preinstalled,all the results presentedhere, and in fact this manuscript,canbe reproduced.
Maki
Þ

ng availableresearch at the level of codewould allow other researchers readily to try out their own
conjectures� without the largeoverheadin time and effort of recodingand debuginga publishedalgorithm.
The
�

ability for anyoneto run asuiteof simulationswould facilitatedetermining thestrengthsandweakness
of� an algorithm and allow subjective claimsaboutthe meritsof onealgorithm ascompared to anotherto
be
%

analyzed in an objective manner. This would naturallyleadto increasingstandards in a field that relies
heavily onnumerical simulations.

The
�

Amri
! t a� environmentcan be thoughtof asa proof-of-principle that a flexible andextendible soft-

w$ are environmentfor hydrodynamicscan be designed. The useof a high level script languagetuned to
fluid
Ø

dynamicsapplicationsandpluginsfor solveralgorithmsandspecializedcode, suchasamaterialprop-
er* ty library, would go a long way to alleviate theobstacleto morerapid progress.This approachrequires
consensus� of the CFD community anda changefrom thecottageindustry mentality, thatdevelopedwhen

1The
ß

EOSlibrarypresentedhereisavailablefromhttp://t14web.lanl.gov/Staff/rsm/preprints.html#EOSlib.à
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compu� ting resources werelimited to thosefew employed at large research centers, to a morecooperative
mo� de in which codeis shared,examinedby many researchersandcontinually improved for thebenefitof
the


entire community. A cooperativeapproachrequiresstandardization in orderfor softwarecomponents to
be
%

interchangable.
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